The phytochemical content of blueberries, particularly anthocyanins and other polyphenols is of increasing importance to researchers in the field of food and health, because they are thought to be largely responsible for the health benefits of this popular fruit.
Introduction
Blueberries are regarded as "superfruits", which are thought to provide many health benefits beyond nutrition [1, 2] . Polyphenolic compounds are thought to be the major health-promoting compounds in plant foods, because they are potent in vitro antioxidants and more recently, many other potential health benefits have been found that are unrelated to antioxidant capacity. These benefits include reduced incidence of the major modern diseases cardiovascular disease, diabetes and cancer [2] [3] [4] , as well as mechanistic properties that contribute to the epidemiological benefits, such as management of inflammation [2, 4] , stimulation of antioxidant and xenobiotic metabolising enzymes (thus reducing DNA and protein damage by free radicals and toxicity of xenobiotics) [3] and augmentation of the effects of exercise [5, 6] . Anthocyanins are the major polyphenols in blueberries and this group of phytochemicals is thought to be 1 Cy = cyanidin, Dp = delphinidin, Pt = petunidin, Mv = malvidin, Ara = 3-arabinoside, Gal = 3-galactoside, Glu = 3-glucoside. 2 Where 2 species are listed together, this indicates that they cannot be separately quantified by a high-through put (i.e., limited peak resolution) HPLC method, usually because a minor species is hidden by a major one, e.g., Pn glycosides are hidden by much larger peaks of the usual major species Mv.
responsible for many of the health benefits of berry consumption [7] [8] [9] [10] . This considerable interest in anthocyanins and health has resulted in a drive to breed, or find naturally, new berry cultivars with ever higher anthocyanin content, in addition to the usual requirements of commercial cultivars such as yield, taste, disease resistance. In this article, we review the literature on the anthocyanin content of blueberries and compare these data with previously unpublished data from New Zealand. A recent goal of the blueberry breeding programme at Plant & Food Research (PFR) in New Zealand is to increase the content of health-promoting phytochemicals, especially anthocyanins, while maintaining the fruit quality and agronomic traits.
Anthocyanin composition of blueberries
There have been many in-depth studies of this subject, as well as some excellent reviews, so we will briefly summarise what others have already covered very well. Blueberries (Fig. 1) contain a wider range of anthocyanidins than most types of berries, with malvidin predominating and similar concentrations of delphinidin, cyanidin, petunidin and pelargonidin [11] [12] [13] [14] [15] . The glycosidic forms found in blueberries are glucosides, galactosides and arabinosides, with all possible permutations being found in at least some cultivars, although relative proportions vary widely and in some cultivars may be absent altogether. Blueberries contain a significant proportion of acylated anthocyanins, primarily the p-coumaroyl and acetyl esters on C-6 of the various sugar residues [16, 17] . The proportion of acylated species is highly variable among different cultivars, with some having barely detectable amounts [11, 12, 14, 18] .
According to a recent survey on anthocyanin composition of fruit from the blueberry repository at PFR (different Vaccinium species), malvidins were the largest group of anthocyanins ( Table 1) . The results reported are from multiple year evaluation of fruit composition of over 80 genotypes and as expected, significant seasonality variation and significant differences among genotypes were found (Scalzo, unpublished results). The results reported in Table 1 are expressed as mean content for each of the specific compounds and the range of variation is also reported. 
Other polyphenols
Blueberries contain varying amounts of other polyphenols that make up the "Total Polyphenols" measurement [19] . The only major compound, however, is chlorogenic acid (Fig. 1 ), which may be present at a high concentration [19] . It is accompanied by small amounts of quercetin glycosides [17, 19] .
Variation in anthocyanin and phenolic content between cultivars and growing regions
Blueberry fruit available from the market (Vaccinium corymbosum, V. corymbosum hybrids, V. virgatum, V. angustifolium) come from cultivars that have been selected for specific agronomic and fruit traits (i.e. high yield, disease resistance, large fruit size, and abundance of wax coating on the fruit that gives a light blue "bloom"), and not necessarily for the concentration of health-promoting phytochemicals in the fruit. Within the Vaccinium species, there is a large range of cultivars available to growers. Some are new releases from recent breeding programmes and are readily available from nurseries. Others are more traditional cultivars that have been grown for many years and are well adapted to particular environments. Two or more different cultivars grown in the same commercial block is a popular choice among growers, to satisfy pollination requirements and to extend the production window from early to late season fruit. There is considerable variation in anthocyanin and total polyphenol content between cultivars (Table 2) , which suggests that there is considerable scope for breeding programmes to generate new cultivars with above-average anthocyanin and polyphenol contents.
Comparison with New Zealand content data
A survey of the variation of anthocyanin content in blueberry fruit of different cultivars from the Plant & Food Research (PFR) Vaccinium germplasm repository was carried out to find potential sources of enhanced concentrations of anthocyanins. Fruit of recently released PFR cultivars were also screened and compared with the germplasm, and a summary of the results is shown in Table 3 . We found that the lowest range of anthocyanin content was found in V. corymbosum hybrids of the southern highbush type, while the highest range of anthocyanin content was found in fruit of V. virgatum. Within blueberry species we found great variation in anthocyanin content between cultivars (Table 3) , in agreement with previous literature (Table 2 ). In our cultivar collection, the difference in total anthocyanin content of fruit between the cultivar with the lowest content ('Puru') and the one with the highest content ('Ono') is 7-fold. Both cultivars were released from the PFR blueberry breeding programme and were selected for attributes other than phytochemical composition of fruit (i.e., flavour, fruit size, productivity). Our cultivar collection includes PFR cultivars that were bred in New Zealand and therefore selected to be adaptable to specific environments. Some of those cultivars such as 'Reka' and 'Nui' have been widely grown around the world and the total anthocyanin content of their fruit in North America has been reported [20] , as 149 and 122 mg/100 g fresh fruit, respectively. The difference in the anthocyanin content of the same cultivars growing in New Zealand is marked, 'Reka' being much lower, at 92.6, whereas 'Nui' is higher, at 148.9 mg/100 g. There are several other examples where the growing environment may have affected the anthocyanin content of fruit. Standard varieties such as 'Rubel', 'Bluecrop', 'Duke','Elliott', 'Climax' and 'Powderblue' are widely cultivated around the world and often integrated into cultivar and germplasm collections and referred to as "benchmark varieties". The anthocyanin content in 'Rubel' was variable between locations but consistently high, ranging from 235 [21] to 325 mg/100g [20] . In each of the cultivar collections reported by different authors, 'Rubel' was the cultivar with the highest anthocyanin content [22] . The anthocyanin content in 'Bluecrop' varies greatly between regions, ranging from 72 [23] to 184 mg/100 g [24] . Similarly, 'Duke' anthocyanin content ranges from 101 [25] to 216 mg/100 g [20] , 'Elliott' from 152 [26] to 261 mg/100 g (Table 3 ), 'Climax' from 99 [27] to 256 mg/100 g [28] and 'Powderblue' from 165 (Table 3) to 243 mg/100 g [29] . The total phenolic content in 'Rubel' was also variable between locations, but consistently high [21] . The phenolic content in 'Bluecrop', 'Duke', 'Elliott' and 'Climax' varied greatly between regions but it was consistently higher than their total anthocyanin content (Table 2) , whereas in 'Powderblue' fruit the two traits were similar [29] . An alternative explanation to regional or seasonal factors in these marked variations might be differences in analytical methods or extraction protocols. In choosing literature data, we selected only those reports which used similar methods to ours [30] , i.e., solvent extraction of fresh fruit, followed by HPLC measurements, calibrated using authentic standards. Some reports involved extraction of dried fruit and are therefore not comparable. In addition, we have found marked seasonal variation in anthocyanin content, even comparing fruit from the same bushes in PFR research orchards and analysing by the same methods in the same laboratory (unpublished results). It appears, therefore, that differences arising from methodology are relatively insignificant compared with environmental differences.
Breeding blueberries for high anthocyanin content
Connor et al. [31] reported statistically significant genotype × environment interactions for both total anthocyanin and phenolic content; however, they did not discuss the differences between regions that may be caused by horticultural practices and climatic factors, such as differences in ultraviolet intensity, temperature during fruit ripening, water stress, mineral nutrients available.
When comparing density plots of the total anthocyanin and total phenolic contents of PFR Vaccinium genotypes growing in the same environment, we found a marked difference in distribution between germplasm, selections and seedlings (Fig. 2) . For total anthocyanin and total phenolic content, neither the seedlings nor selections were well represented at the high end of total anthocyanin or total phenolic content, the highest concentrations being found in germplasm (Fig. 2) . The germplasm collection in our study included small berry cultivars such as 'Rubel' and according to our previous studies (Scalzo, unpublished results), a negative correlation was found between fruit size and total anthocyanin content (-0.48) and between fruit size and total phenolic content (-0.50). Anthocyanins are mostly concentrated in the blueberry skin; therefore, when comparing the same quantities of fruit samples that have different sizes, the small sized fruit will have a relatively higher skin area and consequently, higher anthocyanin content. The PFR selections surveyed in this study included breeding material that was selected for the hand-harvest fresh fruit market and as such, a great deal of effort was put into selecting material with suitable fruit traits such as large size, high firmness, light blue colour and small pedicel scar [32] . High anthocyanin content was one trait not included in the selection process. Progress towards increasing anthocyanin content was made, however, when a new breeding population was developed, with the aim of introducing high anthocyanin and phenolic content into the fruit (Fig. 2) . The estimated mean for the seedling population for both the traits (total anthocyanin and total phenolic contents) was higher than that for the selections.
Several generations may be needed to introgress the high anthocyanin and polyphenolic content in our breeding populations; however, Connor et al. [31] reported a moderate heritability for total anthocyanin content of 0.56, which indicates that breeding progress can be expected and they [33] indicated that selecting parents on the basis of their observed anthocyanin content should be moderately successful.
Conclusion
The information collected here shows that there is considerable international interest in studying and enhancing the content of blueberry polyphenols. We found some inconsistent results when comparing anthocyanin and phenolic content of varieties between locations. The existence of variability is fundamental for genetic improvement; however, the true source of variation has to be readily identified, as the environment appears to influence the phenotype greatly. A cultivar with exceptional anthocyanin content in one growing region may perform poorly in another.
Our collection showed great inter-species variation, and we have identified sources for genetic improvement for anthocyanins and polyphenolics from our germplasm and cultivar collections. A well-focused breeding programme can create new cultivars specifically selected for improved fruit phytochemical content. Our initial selection population was created for genetic improvement of fruit traits other than phytochemical content and resulted in a lower phytochemical content in the fruit. However, when we introduced parents with high fruit anthocyanin and polyphenolic contents, we started to make progress towards an increased phytochemical content, compared with that of the previous generation. The breeding population that was created with the intention of improving the anthocyanin and phenolic contents has been successful in this regard, and since the anthocyanin content is a moderately heritable trait, we plan to continue the selection of parents for producing further generations.
